To determine whether neuregulin 1 (Nrg-1) is expressed in the normal adult human cornea. METHODS. cDNA for Nrg-1 was obtained by direct amplification of RNA isolated from human corneal cell cultures. After sequencing, the likely exon/intron structure was determined by comparison to genomic sequence. RNA was purified from isolated corneal epithelium, corneal stroma, and primary cultures of both epithelial cells and stromal fibroblasts. Quantitative real-time polymerase chain reactions (qPCR) were performed to determine the overall levels of Nrg-1. A combination of fluorescent primers, restriction endonucleases, and image analysis was used to determine the proportion of each splice variant. Finally, the receptor family known to interact with Nrg-1 was examined to confirm its expression in corneal tissue.
N euregulins (Nrg) are paracrine, autocrine, and juxtacrine signaling peptides that belong to the epidermal growth factor (EGF) family. 1 Originally, the individual Nrgs were variously described as 1) a ligand for the oncogene ErbB2 [2] [3] [4] ; 2) a glial growth factor 5, 6 ; or 3) a factor that stimulates acetylcholine receptor synthesis in muscle. 7 It is now appreciated that these peptides with very distinct functions are all produced from a single gene, Nrg-1. Unlike other members of the EGF family, Nrg-1 is subject to extensive alternative splicing, giving rise to a rich and diverse number of distinct peptides. Nrg-1 produces at least 15 distinct proteins that are developmentally regulated and whose expression in the adult is restricted in a cell and tissue specific manner (extensively reviewed in Ref. 1) . Nrg-1 variants differ in four distinct domains: 1) the Nterminal domain that dictates membrane orientation and glycosylation patterns; 2) the EGF-like domain that directs binding and affinity to the receptor; 3) the juxtamembrane region that is cleaved to release the factor from the cell membrane; and 4) the C-terminal domain that affects intracellular trafficking. Functionally, various products of this gene have been implicated in diverse biological processes ranging from embryogenesis, angiogenesis, breast cancer, nervous system development, myogenesis, gonadogenesis, and heart disease. 8 Indeed, knockout mice lacking the Nrg-1 gene die midway through gestation at day 10.5 with severe cardiac defects and a disruption in the maturation and migration of neural derived cell populations. 9 As mentioned, Nrg-1 was originally isolated as a ligand for ErbB2, an oncogene and a member of the EGF receptor family of transmembrane receptor tyrosine kinases (RTK). However, further studies demonstrated that Nrg-1 interacts selectively with the related RTKs, ErbB3 and ErbB4. 10 -12 After interaction with Nrg-1, these receptors form receptor homo-and heterodimers. 13, 14 For both ErbB3 and ErbB4, ErbB2 is the preferred binding partner. The ability of these RTKs (which include the EGF receptor) to form both homo-and heterodimers alters the downstream effects of Nrg-1 binding. 15 Adding further complexity to this signaling pathway, is the observation that Nrg-1 peptides are expressed with differing EGF domains that have varying affinities for the RTKs. 10 -12 This affects both the longevity and intensity of the signaling events downstream from the receptor. 1, 16 Interestingly, mice containing knockouts of either ErbB3 or ErbB4 display partial and overlapping phenotypes with Nrg-1 knockout mice. 8 Collectively, these studies indicate that Nrg-1, acting through one or the other of these RTKs, plays a critical role in mammalian development.
In the cornea, it has long been appreciated that EGF and perhaps more relevant, the EGF receptor (ErbB1) plays an important role in cell migration, proliferation, and synthesis of extracellular matrix and basement membrane components. [17] [18] [19] [20] [21] In corneal wound models, activation of ErbB1 is associated with accelerated healing. 10 -12,22 However, clinical trials show that the exogenous addition of EGF to wounded corneas is of only limited benefit. 20, [23] [24] [25] TGF alpha, another ErbB1 ligand, may not play a prominent role in wound healing, as knockout mice show no impairment in wound healing. 26 Other ErbB RTKs, including ErbB2, ErbB3, and ErbB4, are expressed in the mammalian cornea. [27] [28] [29] [30] Given the ability of these RTKs to form heterodimers, it is possible that stimulation of EGFR after corneal wounding is mediated through the binding of other, additional ligands to ErbB3 and/or ErbB4.
This report provides the first evidence that Nrg-1 is expressed in the adult human cornea. The splice variants produced in both the epithelium and stroma were characterized, demonstrating that the pattern of exon usage varies by location in the cornea. Accepting that cultured stromal fibroblasts resemble activated fibroblasts in the wounded cornea, [31] [32] [33] [34] it was suggested that the form of Nrg-1 produced changes with ker-atocyte activation. Further, as interest in Nrg-1 was initiated by preliminary studies examining differential gene expression between normal and keratoconus corneas, the hypothesis was made that Nrg-1, similar to its role in other systems, may prove to be important in corneal homeostasis, wound healing, and other disorders.
MATERIALS AND METHODS
Fresh autopsy corneas stored under Optisol (Bausch & Lomb Surgical, San Dimas, CA) were received within 24 hours postmortem from the National Disease Research Interchange (Philadelphia, PA). In this study, 12 corneas were used from donors ranging in age from 14 years to 59 years. After receipt, some corneas were used to establish corneal fibroblast cultures. Briefly, corneas were incubated in Hank's balanced salt solution (HBSS) for 15 minutes before Descemet's membrane was peeled away from the cornea. The remainder was placed in Dispase Protease II (Worthington Biochemical Corp., Lakewood, NJ) for 15 minutes at 37°C. The epithelium was removed. The stroma was minced and placed into minimal essential media (MEM)/10% fetal bovine serum (FBS) with bacterial collagenase (1 mg/mL) and hyaluronidase (2.5 mg/mL; all from Invitrogen Corp., Carlsbad, CA) at 37°C. Cells were recovered by centrifugation and cultured in MEM with 10% FBS.
Corneoscleral rims with the central cornea removed during surgery were obtained as excess donor material from penetrating keratoplasty. The rims were divided with a scalpel into 16 pie-shaped pieces. Two pieces of rim were placed on a 60 ϫ 15 mm collagen type I coated culture dish (Becton Dickinson Labware, Franklin Lakes, NJ), with the addition of 2.5 mL serum free keratinocyte medium (Gibco Invitrogen Corp., Carlsbad, CA) supplemented with recombinant epidermal growth factor (EGF, 5 ng/mL) and bovine pituitary extract (BPE, 50 g/mL) to each dish. The tissues were incubated at 37°C at 5% CO 2 in a tissue culture incubator. The tissues were evaluated every 3 days by standard light microscopy and a 70% change of the media was done every 3 days. After 7 to 10 days, the cells were approximately 80% confluent. The culture media was then discarded and the cells were rinsed with HBSS and subcultured using 0.2% Trypsin EDTA (Sigma, St. Louis, MO).
Other corneas were rinsed immediately with cold PBS-EDTA buffer, trephined with an 8-mm disposable trephine and snap frozen under liquid nitrogen. Alternatively, the central cornea was dissected under a dissecting microscope and the epithelium, endothelium, and stroma were collected and snap frozen individually. After freezing, the tissues were crushed under liquid nitrogen with the use of a mortar and pestle. The powders were collected and stored frozen at Ϫ80°C until use.
RNA Extraction
The frozen tissue powders or cells were placed in Trizol (Invitrogen Corp.) and then thawed on ice. This was then homogenized at maximum speed using a Polytron Tissue Disrupter (Brinkmann Instruments, Westbury, NY) for 5 minutes. Chloroform was added (to 20% of the volume) and the phases were broken by centrifugation. The aqueous phase was collected, linear acrylamide was added to 10 g/mL (as carrier), and the RNA was precipitated by the addition of 0.5 volumes of isoproponal. The RNA was recovered by centrifugation at 4°C, and the pellet washed with 75% ethanol. The pellet was air dried, resuspended in buffer and processed over RNeasy columns (Qiagen, Valencia, CA). The RNA was eluted from the silica column with 50 L water, and 10 g of linear acrylamide was added. The solution was adjusted with 2 M sodium acetate (pH 5.0) to 10% volume and precipitated with 2.5 volumes of ethanol. The RNA was recovered by centrifugation, washed with 75% ethanol, and resuspended in 11 L of water. One microliter of the product was analyzed using an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA) using the nano-RNA protocol to verify both the quantity and quality of the RNA.
cDNA Synthesis and Polymerase Chain Reaction
The RNA obtained from cultured cells was converted to cDNA using the Smart synthesis protocol (Clontech, Palo Alto, CA, and Refs. 35, 36) . The RNA yield from the dissected corneal layers was low (Ͻ1 g). For these samples, 500 ng of RNA were reverse transcribed in 50 L reaction volume containing 500 M deoxyribonucleoside triphosphate, 2.5 M random decamer primers, 20 U RNase inhibitor, and 200 U SuperScript II reverse transcriptase (Invitrogen Corp.). Reactions were carried out for 10 minutes at 25°C, 1 hour at 42°C, and 5 minutes at 95°C, followed by cooling to 4°C. After synthesis, the cDNA from all sources was diluted to equivalent input RNA levels with TE (10 mM Tris-Cl, 1 mM EDTA [pH 7.5]; 10 ng input RNA/L) and stored at Ϫ20°C until use.
cDNA samples were subjected to PCR using specific primers (Table  1) . Primers were designed using Primer 3 Internet software program (The Whitehead Institute, Cambridge, MA), and their specificities were confirmed by a BLAST Internet software-assisted search of the nonredundant nucleotide sequence database (National Library of Medicine, Bethesda, MD).
Polymerase chain reactions were carried out with 5-25 ng reversetranscribed RNA, Taq polymerase buffer (200 M deoxyribonucleoside triphosphates, 1.25 U Taq polymerase (Invitrogen), and 200 nM forward and reverse primers, in a total volume of 50 L. For long accurate PCR amplification of full length Nrg-1, Advantage Taq polymerase (Clontech) was used. For quantitative real time PCR (qPCR), samples were normalized by ␤ 2 -MG amplification and were amplified using the QuantiTect SYBR Green reagents (Qiagen) and fivefold serial cDNA dilutions in triplicate using an MJ Research Opticon Thermal Cycler (MJ Research, Inc., Waltham, MA). PCR controls without reverse transcriptase (water control) or with normal human genomic DNA as a template were routinely negative.
Sequencing
Amplified products were separated by electrophoresis in 2% agarose gels and visualized under ultraviolet light after staining with ethidium bromide. The specific bands produced by all amplifications presented here were excised from the gel and the DNA extracted using Qiagen spin columns. Isolated DNA was then submitted to the core facility for sequencing. Products obtained by long accurate PCR were also resolved on agarose gels, extracted, and then used in a ligation reaction with pGem-T Easy vector (Promega, Madison, WI) using the manufacturer's recommendations and reagents. Individual bacterial colonies were isolated and propagated before DNA isolation for sequencing. 
TABLE 1. Primers Used for PCR Reactions
␤ 2 -MGF CTCGCGCTACTCTCTCTTTCTG ␤ 2 -MGR GCTTACATGTCTCGATCCCACTT Nrg1-E2F CTTCGGTGTGAAACCAGTTCTGAATACTCCTC Nrg1-E7R AACTCATTTGGGCACTTGCACAAGTATCTCGA Nrg1-E1CF ATGTCCGAGCGCAAAGAAGGACG Nrg1-E13CR TTATACAGCAATAGGGTCTTGGTTAGC Nrg1-E6F CCTTTCAAACCCCTCGAGAT Nrg1-E10R GAGTGATGGGCTGTGGAAGT Nrg1-E7aF* *GAATGTGCCCATGAAAGTCC Nrg1-E7bF* *GGTGATCGCTGCCAAAACTA Nrg1-E10F AACGTCATCTCCAGTGAGCA Nrg1-E14R TATCCTCAAGGGGCTAGCAG ErbB1F CCTTTGGGGCATAGATCAGA ErbB1R GCACCTGTAAAATGCCCTGT ErbB2F AGTACCTGGGTCTGGACGTG ErbB2R CTGGGAACTCAAGCAGGAAG ErbB3F TTACACAAAGGGAAGTCGGG ErbB3R GCTGGTCTCAAACTCCTTGC * 5Ј fluorescent label.
Western Blot Analysis
Normal corneal fibroblast cultures (n ϭ 4) and powdered extracts of corneal epithelium and stroma (n ϭ 2) were directly extracted in 500 L of immunoprecipitation (IP) buffer, 37 centrifuged at 4°C for 30 minutes, and then frozen at Ϫ70°C. Equal amounts of protein, as determined by the BCA protein assay kit (Pierce, Rockford, IL), were electrophoresed on precast 4 -20% Tris-glycine sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gels (Invitrogen). As a positive control, MCF-7 cell lysate, containing neuregulin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was also run on some gels. Protein was transferred to polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA) and analyzed using a polyclonal antibody to neuregulin (C-20; Santa Cruz Biotechnology, Inc.) or the antibody mixed with a fivefold (W/W) excess of blocking peptide (Santa Cruz Biotechnology, Inc.). The blots were blocked overnight with 5% bovine serum albumin, Tris-saline, and 0.5% Tween 20. Primary antibody (1 g/mL) or antibody/peptide mixture was applied and incubated at 4°C overnight. Blots were washed with Tris-Tween-saline (TTBS) and incubated for 1 hour with alkaline phosphatase conjugated goat anti-rabbit IgG antibody (1:5000). Blots were developed with Immuno-Star chemiluminescent substrate buffer (Bio-Rad).
RESULTS
Analysis of nucleic acid arrays using RNA from both normal and keratoconus corneas suggested that both Nrg-1 and ErbB3 mRNA were differentially expressed (data not shown). As the Nrg-1 gene gives rise to multiple splice variants, primers were designed to amplify a region present in all published splice variants. When RT-PCR was performed using RNA isolated from normal and keratoconus fibroblast cultures, no differences in the level of transcript were apparent (Fig. 1) . However, these results did suggest that these cultures were producing neuregulin 1 transcripts.
To examine whether these cultures also produced neuregulin protein, primary corneal fibroblast cultures were examined by Western blot analysis using a polyclonal antibody to a specific peptide of Nrg-1. As seen in Figure 2A , the antibody recognized a band of the expected size migrating very near the 50 kDa marker in stromal fibroblast cell lysates. Preincubation of the antibody with the peptide used as an immunogen abolished this band (Fig. 2B) , suggesting that this band was related to neuregulin. Figure 2C demonstrates that direct lysates of either cells scraped from the corneal surface (epithelium) or extracts of the corneal stroma also demonstrated staining of a protein band migrating near the 50 kDa marker. These data strongly suggest that corneas contain neuregulin, and cultured stromal fibroblasts continue to express this protein in primary cultures.
Neuregulin growth factor has never been described in corneal tissues. As a large number of variants are expressed in a tissue specific pattern, full-length cDNA clones were isolated from the primary cultures for further analysis. Primers were designed to encompass the entire coding region of neuregulin and long accurate PCR was performed on full-length cDNAs produced using the Smart cDNA synthesis system. As seen in Figure 3 , fibroblast cultures from normal, keratoconus, and bullous keratopathy corneas all produced PCR products of the expected size. Not surprisingly, given the splice variants reported in the literature, two prominent bands of ϳ1.9 kb were obtained. These bands were excised from the agarose gels and subcloned into the pGem-T Easy vector. Individual colonies were isolated and sequenced. Sequence analysis of these clones indicated that multiple splice variants were present in the fibroblast cultures. Using the Blast algorithm (www.ncbi. nlm.nih.gov) to query genomic sequences yielded the apparent exon structure for each cDNA (Fig. 4) . These analyses indicated that four exons were alternately used, depicted as exons A-D in the schematic. Examination of the predicted protein sequences of these cDNAs (Fig. 5) indicated that all the clones contained long open reading frames. Differences between the clones led to predicted changes in three regions of the protein: the EGF domain, the N-terminal juxtamembrane domain con-FIGURE 1. Primary fibroblast cultures produce Nrg-1. Normal (n ϭ 4) and keratoconus (KC, n ϭ 4) stromal fibroblast cultures were established and the RNA isolated. RT-PCR was performed using primers specific to a region shared by all known variants of Nrg-1. Products were assessed by agarose gel electrophoresis and ethidium bromide staining. The lane marked (Ϫ) indicates a control amplification performed without reverse transcription. Note that all samples contained similar amounts of product of the expected size. 1 to 3) or a control cell lysate containing Nrg-1 (Ctl) were separated on SDS polyacrylamide gels and transferred to PVDF membranes. The blots were probed with an antibody to Nrg-1. The control lysate and stromal cell lysates show a heavily stained band that migrates with an apparent molecular weight (ϳ50 kDa) that is consistent with Nrg-1. (B) A replicate blot to that shown in panel (A) probed with the antibody to Nrg-1 but preincubated with an excess of the Nrg-1 peptide used for immunization. Here, the staining of the band seen in (A) is markedly reduced. (C) Fresh human corneas were obtained (n ϭ 2). The epithelium was scraped from the surface and extracted directly with buffer ( lanes 5 and 6) . The endothelium was peeled away and the remaining stroma was pulverized under liquid nitrogen and the powder extracted (lanes 7 and 8). These samples were then probed with the antibody to Nrg-1. A strongly stained band was present that migrated with the same mobility as the band seen in (A). (Fig. 4) . The inclusion of exon C alters the juxtamembrane domain.
All variants are then followed by a common transmembrane (TM) domain and a cytoplasmic domain. The inclusion of exon D inserts a termination codon, truncating the protein by approximately 200 amino acids.
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taining the cleavage site, and the length of the cytoplasmic tail. All the cDNAs contain an Ig-like domain and a transmembrane domain. While these results are interesting, it is well accepted that corneal stromal cells placed into culture with serum become activated and no longer represent the normally quiescent cells found in the cornea. [31] [32] [33] [34] To assess the in vivo expression of Nrg-1, primers were designed to span exons 6 through 10 (as designated in Fig. 4 ). Using qPCR and beta 2 microglubulin as an internal standard, samples of isolated corneal epithelium (n ϭ 4), corneal stroma (n ϭ 4), and primary explant cultures of epithelium and cultured stromal fibroblasts (n ϭ 3) were assayed in triplicate at two different dilutions. Unless otherwise noted, these RNA sources were assessed in all experiments described in this manuscript. The qPCR data (Table 2) showed no significant differences in the overall quantity of Nrg-1 among these groups. This suggests that the overall expression level was similar between corneal epithelial cells and stromal keratocytes in the cornea, and the level of expression was not significantly changed by placing these cells into primary cultures.
The cDNA evidence, however, clearly indicated that splice variants were produced by cultured stromal fibroblasts. To test whether similar variants were present in the cornea, primers were designed to amplify the region specifically from either exon A or B to exon 10 from each of the samples. Other primers were designed to amplify the region from exon 10 to exon 14 to test for the presence of the alternate exon D. Figure  6 shows a representative gel of the results of these amplifications using cDNA from cultured fibroblasts. Often two prominent bands were visible (note lanes marked 7B-10 and 10 -14), suggesting the presence of splice variants in the cDNA sample. All samples generated specific products with these primer pairs, although the apparent intensities and presence of additional bands varied between samples (not shown). These data suggest that multiple transcripts were present in each of the samples and that many permutations of splicing could be present in the cDNA.
Having established that multiple splice variants of Nrg-1 were present in both the corneal epithelium and stroma, the relative proportion of each splice variant was measured. To assess this, fluorescent primers to exons A and B with a similar Tm (64.2 and 64.9, respectively) were designed. The fluorescent intensities of both primers were indistinguishable over a range of molarities (not shown). The primers were then used to amplify the cDNA with a downstream primer located in exon 14 and a cycle number representing the mid log-linear phase of amplification (determined in qPCR experiments). The products of this amplification were isolated by phenol/chloroform extraction and ethanol precipitation. The isolated DNA products were then aliquoted and either digested with 5 units of ApoI (representing a unique restriction site in the exon designated as C in Fig. 4) , BglII (representing a unique site in the exon designated as D in Fig. 4 ), or mock digested overnight at 37°C. The products were then run on agarose gels and the size and fluorescent intensities of the products recorded. As exons C and D contain unique restriction sites for ApoI and BglII, respectively, a loss of fluorescent signal after restriction digestion could indicate the presence of these exons. Figure 7 shows a representative gel of the results obtained using this approach for one sample of cDNA obtained from a primary stromal fibroblast culture. As seen, both fluorescent primer pairs gave rise to multiple bands. After restriction digestion with the indicated endonucleases, the intensity of specific bands was reduced, whereas other bands retained the fluorescent signal. This suggested that the reduction in band intensity correlated with the presence of a specific exon in the context of the other exons located between the primers. This methodology therefore appeared useful for estimating the frequency of a particular exon within the linear context of other exons. All samples were examined by this technique and the fluorescent intensities were analyzed using an FMBio III imaging station (Hitachi Genetic Systems, Alameda, CA). The data were extracted and each variant form was normalized as a The values represent the mean threshold cycle (C T ) for target amplification Ϯ standard deviation. Each sample was performed in triplicate and with fivefold serial dilutions. Shown are the results for a single dilution representing 25 ng of RNA.
* Only one epithelial explant culture was evaluated. a The ⌬C T was determined by subtracting the Nrg-1 C T from the ␤ 2 MG C T . The standard deviation of the difference is calculated from the standard deviations of the Nrg-1 and ␤ 2 MG values.
b ⌬⌬C T was calculated by subtracting the ⌬C T of the epithelial extract from the ⌬C T of the compared sample. As this was an arbitrary constant, the standard deviation is equivalent to the standard deviation of the ⌬C T .
c The range for Nrg-1 relative to the corneal epithelium was determined by the expression: 2 Ϫ(⌬⌬CT Ϯ the standard deviation) .
FIGURE 6.
Multiple transcripts of Nrg-1 are detected in adult cornea. RNA directly isolated from corneal layers and primary cultures were evaluated by RT-PCR using various primers. Shown is a single sample of RNA from a stromal fibroblast culture. (6 to 10) indicates the amplification product obtained using the primers specific for exons 6 and 10 used to perform qPCR (see Table 2 ). (7A-10) shows the product obtained using a primer specific for exon A; (7B-10) uses an exon B specific primer. (10 -14) uses primers specific for exons 10 and 14.
Note that some primer pairs generated multiple products (white arrowheads).
percent of the total fluorescence obtained for each sample before restriction. Table 3 indicates the estimates obtained by these analyses for the frequency of transcripts containing these alternatively used exons. Table 4 indicates the frequency estimates for each of the eight transcript permutations. Transcripts isolated from corneal epithelium and explant cultures of epithelium were similar to each other, though exon D was included more frequently in transcripts isolated from the cultured cells. The most striking aspect of these data was the clear preference for exon B inclusion in transcripts from corneal stroma while transcripts from cultured fibroblasts included all these exons in near equal proportions. ErbB3 and ErbB4 were demonstrated to be the specific receptors for neuregulin. 10 -12 Since neuregulin-1 transcripts were expressed equally well in both stromal and epithelial tissues, whether these tissues also expressed RNA for its receptor was examined. Primers were designed to amplify ErbB1, ErbB2, and ErbB3. Representative results of these amplifications for epithelial and stromal tissue extracts and primary cultures derived from these tissues are shown in Figure 8 . These RTKs were present in corneal extracts of epithelium and stroma, as well as epithelial explant cultures. In contrast, cultured stromal fibroblasts show products for ErbB1 and ErbB2, with little product detected for ErbB3. Three different primer pairs were also designed for ErbB4 to evaluate its expression in these samples. No specific product was seen for these primers in any of the samples (data not shown), suggesting that this RTK is either absent or expressed at very low levels.
DISCUSSION
It has been appreciated for a number of years that the mammalian cornea expresses RTKs of the EGF family. Multiple studies showed that in various mammalian species, ErbB1, ErbB2, ErbbB3, and ErbB4 are distributed in the anterior eye. [27] [28] [29] [30] The signaling potential for these RTKs are complex and regulated in part by the observation that receptor activation and trafficking is dependent on their ability to form both homo-and heterodimers after ligand binding. 13, 14 The present study showed that the adult human cornea expresses RNA for ErbB1, ErbB2, and ErbB3, confirming the results of Liu et al. 29, 30 However, our results suggest that these receptors are also expressed in stromal cells; earlier studies concluded that they are restricted to the ocular surface. [27] [28] [29] [30] While ErbB1 activation has been closely linked with corneal epithelial cell migration and proliferation, these other family members have received little attention. ErbB2 is often referred to as an orphan receptor having no obvious ligand. Recently, it was shown that in rats, ErbB2/mucin 4 complexes exist on the ocular surface. 27, 28 Other studies demonstrate that mucin forms complexes with ErbB2 and can directly activate the receptor. 38 Further, mucin/ErbB2 interactions can modify the heterodimerization with other ErbB family members after ligand binding and enhance the signal response. ErbB3 is somewhat unusual as this receptor has no intrinsic tyrosine kinase activity, but is capable of initiating a signal cascade through interaction and dimerization with another ErbB. 13, 14 Typically, the preferred binding partner of ErbB3 is ErbB2, though interactions with the other family members can occur.
This report provides evidence that Nrg-1, a ligand for ErbB3, is locally produced in the adult cornea. The data suggest that the overall expression levels of Nrg-1 in the corneal epithelium and stroma, as well as in primary explant cultures of epithelium and stromal fibroblasts, are equivalent. Nrg-1 and its many splice variants are critical in tissue development and maintenance. 1, 8 Indeed, knockout mice lacking Nrg-1 die during embryogenesis, illustrating its critical function. 9 However, one report noted that Nrg-1 implanted in the cornea resulted in corneal neovascularization. 39 This suggests that the expression of this growth factor in the cornea must be carefully regulated to maintain corneal clarity. Mouse models illustrate the role this growth factor plays in neural development and migration of cells from the neural crest during development. 8 Lung, 40 heart, 9 and mammary development 41 are all associated with the expression and function of various forms of Nrg-1.
1 Most notably, Nrg-1 and its receptor/s have been associated with various neoplasms and many investigators are exploring mechanisms to interrupt Nrg-1 signaling for cancer treatment. 16 Using a lung model of columnar epithelial damage, Vermeer and colleagues 42 demonstrated the central role Nrg-1 plays in RNA from various sources was subjected to RT-PCR with fluorescent primers designated 7A and 7B and exon 14. The fluorescent intensity of each product were recorded before and after digestion with enzymes specific to the alternate exons C and D. These values were used to calculate the percent of the total fluorescence and the percent of total fluorescence for each exon. wound healing. In the skin, Nrg-1 has been implicated in wound healing and epithelial migration and differentiation. 43 It is not surprising that the cornea also expresses this important growth factor.
However, our data also show that the cornea produces multiple forms of Nrg-1. This report demonstrates that four exons are alternatively used to generate eight distinct transcripts. All these transcripts contain either exon A or B and this alters the amino acid sequence of the EGF domain. Those peptides derived from the inclusion of exon A are referred to in the literature as alpha forms, those derived from the inclusion of exon B represent beta forms. This distinction in the EGF domain has biological relevance. Alpha forms of Nrg-1 display lower affinity for the receptor and tend to produce a more transient signal, whereas the beta forms display both higher affinity and a more robust, longer lasting signal. 1 Generally, alpha has been associated with epithelial migration and maturation while beta has been associated with cell proliferation. In the present study, the corneal stroma produced predominantly the beta form (ϳ 70%) while the epithelium produced equivalent levels of both. Placing these cells into culture shifted this distribution and the level of beta was reduced while alpha increased.
In addition to the complex expression pattern presented by the alpha and beta forms of EGF, the presence or absence of exons C and D may also have biological implications. The presence or absence of exon C leads to predicted changes in the juxtamembrane domain of the molecule. Only a few reports examine the mechanism and protease/s involved in the release of this growth factor from the cell membrane. 44 -47 However, it is clear that a protease is involved. For some forms, a disintegrin and metalloproteinase-like activity (ADAM) is involved. 46, 47 Other studies suggest that a secretase activity is involved for some Nrg-1 variants. 48 From molecular studies it is clear that the juxtamembrane region is important in the degree of proteolytic processing that occurs and the degree to which phorbol ester treatment affects release from the membrane. 44 -47 Therefore, the variants noted here with differing juxtamembrane domains are potentially processed and released in a distinct manner, regardless of whether the alpha or beta form of the EGF domain is present.
The inclusion of the exon referred to as D leads to a truncation in the predicted coding sequence of the intracellular domain (ICD) by some 200 amino acids. Normally, the conserved sequence of the ICD contains both a LIM kinase binding domain 49 and a domain that binds a zinc finger protein of unknown function. 50 Interestingly, recent studies have demonstrated that the ICD is required for Nrg-1 function in vivo, and that constructs that abbreviate the ICD lead to inhibition of the release of Nrg-1 from the cell surface. 51, 52 More importantly, the transmembrane forms of Nrg-1 back signal within the Nrg-1 expressing cell, 50 that is, the cell producing Nrg-1 can both stimulate a neighboring cell that possesses ErbB3 and respond to that interaction. This juxtacrine-like behavior, similar to the Notch/Notch ligand-signaling paradigm, is associated with the ICD. 53 In fact, after interaction with a soluble form of ErbB, Nrg-1 is proteolytically processed at the membrane and the ICD is translocated into the nucleus, altering the expression of genes in that cell. 50 The truncations in the ICD reported here are similar to the truncation mutants produced and tested in vitro by Liu et al., 51, 52 and these forms may behave in a similar manner, that is, the presence of the exon referred to as D will interfere with the normal processing and release of Nrg-1 from the cell. However, the implications of the truncation in terms of back signaling within the expressing cell are unknown.
Our data demonstrate that both explant epithelial cultures and fibroblast cultures change the pattern of exon usage with no change in the overall amount of Nrg-1 produced. This observation may simply reflect that the cultured cells are actively dividing while cells resident in the cornea are not. Of interest is the dramatic change in expression profile associated with the fibroblast cultures. Many investigators have shown that the phenotype of these cells is more closely aligned with that of the activated cell found after corneal wounding rather than the normally quiescent keratocyte. The quiescent keratocyte almost exclusively produces the well-characterized Nrg-1 beta form (ϳ 90%) and the cultured stromal fibroblasts dramatically reduce the production of this form in favor of the alpha form. Because the beta form is known to have higher affinity RNA from various sources was subjected to RT-PCR with fluorescent primers designated 7A and 7B and exon 14. The fluorescent intensity of each product were recorded before and after digestion with enzymes specific to the alternate exons C and D and used to calculate the percent of the total fluorescence. a Percent of total fluorescence ϩ/Ϫ the standard error of the mean; b ND ϭ not detected; c only one explant culture of corneal epithelial cells was analyzed. for its receptor and typically initiates a mitogenic response, the Nrg-1 beta found in the stroma may be exclusively membrane bound (not released) and/or partitioned away from the receptor in keratocytes. However, further studies examining this in both normal and wounded cornea will be required to address this issue directly.
In summary, this report established that Nrg-1 is expressed in the adult human cornea and alternative splicing produces at least eight distinct variants. The role that these forms play in corneal homeostasis and/or wounding remains to be explored. However, the data from other systems suggest that the gene products from Nrg-1 may play crucial and pivotal roles in the cornea. Clearly, Nrg-1 and its ability to serve as an autocrine, paracrine, and juxtacrine signaling molecule by interacting with ErbB receptors, as well as to initiate back signaling in the expressing cell, illustrates a complex and intricate system present in the adult human cornea.
